N on N 2 O from 32 stratospheric whole air samples collected by the NASA ER-2 aircraft between 1997 and 2000 from 62°N to 89°N with N 2 O mixing ratios ranging from 51 to 313 ppbv. The relationships between the isotopic compositions and N 2 O mixing ratios show significant differences between aircraft deployments and with previous measurements for N 2 O < 200 ppbv. The differences between ER-2 deployments at low N 2 O are significant at the 3s level and are due to the effects of transport and mixing. The ratios of enrichment factors for the different isotopologues, however, are the same to within their 1s uncertainties for N 2 O > 200 ppbv and N 2 O < 200 ppbv. The observed isotope:N 2 O relationships are also used to estimate the fluxes of the N 2 O isotopologues from the stratosphere to the troposphere given independent estimates of the N 2 O loss rate. On the basis of the robustness of isotope: N 2 O relationships for N 2 O > 200 ppbv we conclude that the fluxes to the troposphere estimated from these relationships and, therefore, the influence of stratosphere-to-troposphere transport on the isotopic compositions of N 2 O in the free troposphere are now relatively well quantified, leaving the isotopic compositions of the N 2 O sources as the remaining largest uncertainties in the global N 2 O isotope budget.
Introduction
[2] Atmospheric N 2 O is a long-lived greenhouse gas produced in the troposphere by terrestrial and oceanic biological processes as well as by agriculture and industry [e.g., Prather and Ehhalt, 2001] . Photolysis by solar ultraviolet radiation between 185 and 220 nm in the stratosphere is responsible for about 90% of the total N 2 O destruction (reaction (R1)). Photo-oxidation by reaction with electronically excited oxygen atoms (O( 1 D) in reactions (R2a) and (R2b)) accounts for 10% and is the primary source of nitrogen oxide radicals in the stratosphere which participate in catalytic cycles of ozone destruction.
[3] The current atmospheric N 2 O burden is increasing at a rate of $0.25% per year, reflecting changes in its biogeo-chemical cycling. Although the imbalance of sources and sinks is relatively well-quantified, large uncertainties still remain in the various source magnitudes and how they may change over time [e.g., Bouwman et al., 1995; Kroeze et al., 1999; Mosier et al., 1998; Prather and Ehhalt, 2001] . Thus, even though N 2 O is targeted for emission regulations by the Kyoto Protocol, an incomplete understanding of the global N 2 O budget makes establishing an effective regulation strategy difficult.
[4] An additional constraint on the global N 2 O budget is a comparision of the distinct isotopic signatures of its sources and sinks, weighted by estimates of the source and sink magnitudes, with isotopic measurements in the free troposphere [e.g., Kim and Craig, 1993; Perez et al., 2000; Yoshida and Matsuo, 1983; Yoshida and Toyoda, 2000] . Kim and Craig [1993] first suggested that the return flux of isotopically enriched N 2 O from the stratosphere was needed to balance light N 2 O from known surface sources to yield the observed 15 N and 18 O isotopic compositions of N 2 O in the free troposphere. Their suggestion was based on two stratospheric measurements which showed significant enrichment in 15 N and 18 O. Since then, considerable effort has been expended to understand what processes control the enrichment of heavy isotopes in stratospheric N 2 O and, in turn, to quantify the influence of the stratospheric fractionation processes on tropospheric N 2 O isotopic compositions.
[5] In this paper, we present new measurements of N 2 O isotopic compositions on stratospheric air, including d
18 O, site-specific d O [Rahn and Wahlen, 1997; Röckmann et al., 2001; Toyoda et al., 2001] [Röckmann et al., 2001; Toyoda et al., 2001] . We report the first observed differences in the N 2 O isotopic compositions as a function of N 2 O mixing ratio (and thus in apparent enrichment factors) that can be explained entirely by transport and mixing. We analyze the ratios of the observed enrichment factors, which has recently been suggested as a means to quantify the relative contributions of photolysis and photo-oxidation in different regions of the stratosphere [Kaiser et al., 2002a; Röckmann et al., 2001] . Finally, we use the ER-2 measurements to estimate the fluxes of N 2 O isotopologues from the stratosphere to the troposphere given independent estimates of the global N 2 O loss rate and show that the uncertainty in these fluxes is small (±25%) compared to the uncertainties in the N 2 O source fluxes [e.g., Kroeze et al., 1999; Mosier et al., 1998; Prather and Ehhalt, 2001 ]. Thus we argue that the influence of photochemical isotopic fractionation in the stratosphere on free tropospheric N 2 O isotope compositions is now well quantified, in agreement with recent two-dimensional (2-D) and 3-D N 2 O isotope modeling studies McLinden et al., 2003] and analyses of N 2 O isotope measurements in firn air . The isotopic compositions of the individual N 2 O sources are now left as the remaining largest uncertainties in the global N 2 O isotope budget.
Background and Motivation
[6] After the discovery of isotopically enriched N 2 O in the stratosphere by Kim and Craig [1993] , Yung and Miller [1997] proposed that the preferential photolysis of isotopically light N 2 O (i.e., 14 N 14 N 16 O) is primarily responsible for the significant enrichment of heavy isotopes in the residual N 2 O. Their proposed mechanism was that a red shift in the ground state zero point energy (ZPE) of 14 N 14 N 16 O relative to the heavy isotopologues resulted in a red shift of its absorption cross section into a region of the spectrum where more solar photons are available (i.e., the solar window). This theory also explained why Johnston et al. [1995] , performing photolysis experiments at 185 nm where all N 2 O isotopologues show their maximum absorption cross-sections, did not observe significant isotope fractionation for 18 O in the laboratory. Although the quantum mechanical details of the Yung and Miller ''ZPE'' theory continue to be refined, such as including the effects of isotopic substitution on the electronically excited state as well as the ground state [Johnson et al., 2001; Blake et al., 2003] , their general mechanism has been verified by subsequent laboratory photolysis experiments performed at wavelengths >185 nm [e.g., Rahn et al., 1998; Röckmann et al., 2000 Röckmann et al., , 2001 Turatti et al., 2000; Zhang et al., 2000; Kaiser et al., 2002b Kaiser et al., , 2003a .
[7] The experimental photolysis results confirm that the N 2 O remaining after photolysis is enriched in all heavy isotopes, in accord with the Rayleigh fractionation equation (equation (1)). O, for example), as N 2 O is destroyed by an irreversible removal process in a well-mixed, closed system.
R and R o are the observed and the initial isotope ratios, respectively, and [N 2 O] and [N 2 O] o are the observed and initial mixing ratios of N 2 O. The fractionation factor, a, is the magnitude of the isotope effect for N 2 O destruction. For the photolysis experiments, a is simply the ratio of the photolysis rate coefficients.
where J 0 and J denote the photolysis rate coefficients for one of the heavy isotopologues (e.g., 15 O), respectively. Since a is normally close to unity, for convenience the enrichment factor, e, is defined as
In this paper, we will refer to specific enrichment factors as ''e( (4), d is the magnitude of the deviation of the isotope ratio of a sample relative to the ratio of a reference material expressed in ''per mil'' (effectively parts per thousand) or ''%''. Combining equations (3) and (4) with equation (1) yields the Rayleigh fractionation equation expressed in terms of isotopic compositions in d notation and the enrichment factor, e (equation (5)).
For an isolated system with constant e, a plot of isotopic compositions versus ln(
will therefore yield a line with slope equal to e. (Note that e is negative for a ''normal'' isotope effect for which reaction rates are slower for the heavier isotopologues (i.e., for a defined as in equation (3) Röckmann et al. [2001] , and Toyoda et al. [2001] , has demonstrated that most of the values for the apparent enrichment factors, e app (x), determined from the observations are smaller by $50% than those obtained from the N 2 O photolysis experiments perfomed both at individual wavelengths [e.g., Rahn et al., 1998; Turatti et al., 2000; Zhang et al., 2000; Kaiser et al., 2003a] and over a range of wavelengths characteristic of stratospheric conditions [Röckmann et al., 2001] . Rahn et al. [1998] O isotopologues in the stratosphere and noted that simulations using a more diffusive meteorology (GISS II') produced smaller e app values than a more advective one (GISS II). Thus, using the same model photochemistry and kinetic isotope effects, the more diffusive the model transport is (i.e., the more transport and mixing there is), the more attenuated the resulting e app values are, as expected.
[12] The balloon observations of both Röckmann et al. [2001] and Toyoda et al. [2001] also showed that values for e app varied significantly between low and high N 2 O mixing ratios [Röckmann et al., 2001] or, approximately equivalently for vertical profiles from balloon platforms, between high and low altitudes [Toyoda et al., 2001] , respectively. Differences in slopes derived from the data plotted in Rayleigh format (equation (5)) as large as 30 to 50% were found for N 2 O mixing ratios above and below 200 nmol/mol (hereinafter referred to as ppbv of dry, ideal air) [Röckmann et al., 2001] or for altitudes above and below $ 24 km. [Toyoda et al., 2001 ] (see Table 1 ). The cause or causes for these observed differences in e app as a function of N 2 O or altitude have been debated, and the following potential mechanisms have been discussed: (1) differences in the attenuation of the chemistry-only e due to characteristically different transport or mixing in different regions of the stratosphere [Röckmann et al., 2001; Toyoda et al., 2001] , (2) dependence of the e on photolysis wavelength and/or temperature and therefore altitude [Röckmann et al., 2001; Toyoda et al., 2001] , and (3) the relatively larger contribution of the reaction with O( 1 D) in the lower stratosphere to total N 2 O destruction in that region [Röckmann et al., 2001; Toyoda et al., 2001; Kaiser et al., 2002a] .
[13] Several experimental studies have addressed item 2 above. In their antimony lamp photolysis experiment, Röckmann et al. [2001] found no difference in enrichment factors between photolysis using the full spectrum of the lamp (184-225 nm) and when adding an interference filter that transmitted only 207 ± 10 nm light; these results suggest that a significant shift in photolysis wavelength within the solar window does not cause a detectable change in the overall enrichment factor. Recent experiments on the specific wavelength dependence of e values ] confirmed this conclusion. The temperature dependence of isotopic fractionation during N 2 O photolysis has been investigated experimentally by Kaiser et al. [2002b] . This work revealed that the enrichment factors are larger at lower temperatures. Hence, the enrichment factors would decrease with altitude, not increase as observed.
[14] To address item 3 in the list above, an additional constraint on the relative contributions of photolysis versus reaction with O( 1 D) in different regions of the stratosphere and their effect on isotopic compositions has been proposed by Röckmann et al. [2001] and discussed further in Kaiser et al. [2002a] Toyoda et al. [2001] ; we note here that the 2 data points of Kim and Craig [1993] are suspect because of CO 2 contamination as noted by Rahn and Wahlen [1997] , that the infrared spectroscopic measurements of Griffith et al. [2000] are less precise than mass spectrometric measurements, and that the four points of Yoshida and Toyoda [2000] are likewise not included in the analyses of Toyoda et al. [2001] ). Samples were collected in the lower stratosphere but also include some samples of air characteristic of higher altitudes that has descended in the polar vortex with mean ages up to 6 years [e.g., Andrews et al., 2001] . A large number of other tracer and meteorological measurements were made on the aircraft and have been studied extensively, providing important information on the chemical and dynamical context of the sampled air. Moreover, since lower stratospheric air is the source of isotopically enriched N 2 O to the troposphere, observations from the ER-2 observations are presented and compared with other stratospheric observations made to date. In section 5, the observations and their implications are discussed, and estimates of the fluxes of heavy N 2 O isotopologues from the stratosphere to the troposphere are made based solely on observations and independent estimates of the N 2 O loss rate in the stratosphere.
Experimental Details

Sample Collection and Measurement of Trace Gas Mixing Ratios
[17] Whole air samples were collected with the National Center for Atmospheric Research (NCAR) Whole Air Sampler (WAS) [Flocke et al., 1999] on board the NASA ER-2 aircraft during the Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS) mission from April to September 1997 [Newman et al., 1999] and the SOLVE mission (Stratospheric Aerosol and Gas Experiment (SAGE) III Ozone Loss and Validation Experiment) from January to March 2000 [Newman et al., 2002] . The deployments allowed for substantial sampling in the Arctic vortex in the winter of 2000, during vortex break-up in April 1997, and in the Arctic region in the spring, summer, and early fall from May through September 1997.
[18] The WAS instrument consisted of 28 (POLARIS) to 40 (SOLVE) 1.6-liter electropolished stainless steel canisters, a 4-stage metal bellows pump, a stainless steel manifold, motor-driven valves, and an electronics package for valve and pump control. The metal bellows pump pressurized the instrument manifold to 40 psia (2.7 bar), resulting in a sample volume of $4.5 standard liters (STP). The filling time varied with flight altitude, ranging from 15 to $180 s. After sample collection, the canisters were transported to NCAR and analyzed in the laboratory. The mixing ratios of approximately 50 different species were measured by gas chromatography-mass spectrometry.
[19] Measurements of N 2 O mixing ratios on the SOLVE whole air samples were made using an HP5890 II+ series GC fitted with an electron capture detector (ECD) relative to a 314 ppbv N 2 O secondary standard of whole air calibrated against a 300 nmol/mol National Institute Standards and Technology (NIST) SRM (2608, ±1%) reference gas. The average uncertainty (2s) for the N 2 O mixing ratio data is less than 0.7 ± 0.1% [Hurst et al., 2002] . For POLARIS, N 2 O was not measured on the whole air samples collected during the campaign, so in this study we use N 2 O mixing ratios measured in situ on the ER-2 by the Airborne Tunable Diode Laser Spectrometer (ATLAS) [Podolske and Loewenstein, 1993 ; see also Hurst et al., 2000] . The in situ N 2 O data were averaged over the sample collection period weighted by the canister-filling rate. Both in-flight and laboratory calibrations for the ATLAS instrument were performed with a suite of reference gases tied to the NOAA/CMDL N 2 O calibration scale. The reported precision and accuracy of the ATLAS instrument are ±1.5% and ±2.5%, respectively [Hurst et al., 2000] .
[20] In this study, we also rely on CH 4 mixing ratios measured on the WAS samples. Mixing ratios of CH 4 on the whole air samples from both missions were measured using a Hewlett Packard model 5890 gas chromatograph fitted with a flame ionization detector (GC-FID). Calibration was made against a 0.913 ± 0.01 and a 1.19 ± 0.01 mmol/mol NIST-certified SRM 1658a reference gas. Measurement precision is ±10 ppbv (1s) and accuracy is ±20 ppbv (1s).
Isotopic Measurements
[21] After the trace gas mixing ratios were measured at NCAR by GC-MS, $2 to 4 liters (STP) of sample remained for isotopic analyses. Approximately half of each remaining sample was transferred on a vacuum line to an evacuated (10 À5 hPa) archival 1. Bender, personal communication, 2002) . In the absence of gravitational fractionation, shifts in the isotopic composition of N 2 or O 2 relative to their known constant values in the troposphere would indicate significant mass fractionation of the whole air samples at some point in the collection and storage history. While the samples do appear to be slightly fractionated, there is no anti-correlation of the d 15 N of N 2 measurements with the WAS N 2 O mixing ratios. Such a correlation might have indicated a detectable degree of gravitational fractionation occurring in (or transported into) the stratosphere, although turbulence is expected to prevent gravitational fractionation from occurring below altitudes of 100 km [e.g., Brasseur and Solomon, 1986] . Rather, for our purposes here, these measurements serve as a test of the integrity of the WAS sample collection and storage schemes for preserving the isotopic compositions of the sampled air. The upper limit on fractionation artifacts due to sample collection and transfer provided by the d O of N 2 O. Samples ranged in latitude from 62°N and 88°N and in altitude from 11 to 21 km and were collected in April 1997 (''POLARIS I''), June and July 1997 (''POLARIS II''), September 1997 (''POLARIS III''), and January, February, and March 2000 (''SOLVE''). These samples were selected from approximately 400 samples archived at University of California, Berkeley (UC Berkeley), based solely on collection latitudes >60°N and N 2 O mixing ratios spanning the widest range possible. The measurements were performed at UC Berkeley using a Finnigan MAT 252 isotope ratio mass spectrometer operated in continuous flow mode coupled with an online Finnigan preconcentrator and gas chromatograph [e.g., Brand, 1995] . Aliquots of 100 to 400 ml (STP; equivalent to 0.8 -1.4 nmol of N 2 O, depending on N 2 O mixing ratio and flask pressure) were taken by expanding the sample in the archival 1.5-liter Pyrex flask into an evacuated (10 À5 hPa) two-valved Pyrex analysis flask and then isolating each flask. Two separate aliquots were required for (1) O measurements, our laboratory working standard was calibrated using a dual inlet IRMS (Finnigan MAT model 252) in the Brenninkmeijer group at the Max Planck Institute for Air Chemistry in Mainz against their laboratory reference gas, which was calibrated against the international air-N 2 and V-SMOW isotope reference materials, respectively [Kaiser, 2002] . On the basis of these intercomparisons, the UC Berkeley N 2 O working standard has an average 15 N isotopic composition of d [26] For the site-specific isotopic compositions d 15 N a and d 15 N b , calibration to a common isotope scale for comparisons between data sets is more difficult. The first difficulty is that the NO + fragment ions within the IRMS are unfortunately not formed exclusively by loss of the terminal nitrogen (i.e., the nitrogen atom in the b position) of the parent molecular ion N 2 O + [e.g., Brenninkmeijer and Röckmann, 1999] ; an ion rearrangement (or ''scrambling'') process can occur, most likely because of the formation of triangular, energetic N 2 O + ions, which can then decompose by the breaking of either of the two N-O bonds, yielding NO + ions which can contain either the terminal or central nitrogen atoms from the N 2 O + [Begun and Landau, 1961] . The determination of the scrambling factor (i.e., the fraction of the NO + fragment ions bearing the terminal nitrogen of the initial N 2 O to total NO + produced) in our Berkeley IRMS was made in a manner similar to that of Toyoda and Yoshida [1999] NO were added to $280 mmol N 2 O of our working standard in 15-ml glass flasks. One additional 15-ml sample flask contained only the pure N 2 O working standard gas. The isotope ratios at m/z 30 and 31 for each of the 4 samples were measured against our working standard in the dual inlet mode of the IRMS. The exact amount of the labeled N 2 O in each sample was determined by measuring the ion signal at m/z 45. For comparison, Toyoda and Yoshida [1999] determined the amount of labeled N 2 O in the sample manometrically. The scrambling factor was 8.04% in our instrument (This value includes a correction for the purity of our labeled N 2 O; see Kaiser et al. [2003b] Röckmann et al. [2003b] .
[27] Once the scrambling factor is determined, there is additional difficulty in placing the measurements that were made relative to the laboratory working standard onto the international air-N 2 isotope scale [Toyoda and Yoshida, 1999] . Details of a purely mass spectrometric technique devised at MPI-Mainz and UC Berkeley to convert sitespecific isotope measurements to the air-N 2 scale appear elsewhere [29] An additional source of measurement error on our stratospheric samples not constrained by the control runs on 100 ml STP tropospheric samples is the dependence of the measurement precision on the GC peak area and, therefore, on sample size [Merritt and Hayes, 1994] from 51 to 313 ppbv, the volume of the aliquot for each stratospheric WAS sample run was chosen so that the total amount of N 2 O was almost always >1.0 nmol; these varied from 100 to 400 ml. The estimated precision for each stratospheric WAS sample measurement, reported here as error bars in the figures, was determined by noting the GC peak area for each measurement and using the relationship between peak area and precision from our control runs of various N 2 O sample sizes. We also note that for our instrument and sample sizes the measured delta values are independent of sample size, so that a correction term for a dependence of delta value on sample size as in the paper by Röckmann et al. [2003b] is not necessary. Table 2 and plotted against N 2 O mixing ratios in Figure 1 , along with measurements on samples collected from the WB-57 aircraft [Rahn and Wahlen, 1997] and from balloon platforms [Röckmann et al., 2001; Toyoda et al., 2001] [31] Importantly, all the isotope observations for N 2 O mixing ratios >200 ppbv, whether measured from balloon or aircraft platforms, show nearly identical compact correlations between the isotopic compositions and N 2 O mixing ratios (i.e., the d Figure 1 , there is no discernable difference between data sets for N 2 O mixing ratios >200 ppbv that is larger than the measurement precision and accuracy.
Stratospheric Observations and Analysis
[32] For N 2 O < 200 ppbv, however, the observed isotope: N 2 O relationships exhibit considerable variability. While the ER-2 isotope observations for N 2 O < 200 ppbv from the SOLVE and POLARIS I campaigns are similar to each other, the POLARIS II data points are significantly different. At $80 ppbv N 2 O, for example, d 15 N for POLARIS II is almost 11% lighter than that for the POLARIS I/SOLVE data, a value an order of magnitude larger than the measurement uncertainty. The POLARIS II samples were collected in summer between 29 June and 10 July 1997 while the POLARIS I and SOLVE samples were collected in the Arctic vortex in April 1997 and between January and March 2000, respectively. In section 5, we detail how these differences in the isotope:N 2 O relationships within the ER-2 data set can be explained entirely by mixing and transport. Differences in the isotope:N 2 O relationships between the tropics, midlatitudes, and high latitudes can also be discerned and can be explained at least to first order by transport and mixing (see below).
[33] In Figure 2 , the observations of d 15 N bulk of N 2 O shown in Figure 1a are plotted in the Rayleigh format of equation (5). As discussed in section 2, the slope of a line fit to the data plotted in this format gives the apparent enrichment factor, e app ( 15 N bulk ). As noted in previous studies Röckmann et al., 2001; Toyoda et al., 2001] for N 2 O < 200 ppbv reveal considerable variation between data sets as a function of latitude and/or ER-2 deployment, ranging from À14.9 ± 4.9% for the ER-2 POLARIS II high-latitude data to À28.6 ± 1.2% for the balloon midlatitude data of Toyoda et al. [2001] . In fact, on the basis of the slopes of the observations in the Rayleigh format of Figure 2 Table 1 for a summary of e app values).
[34] As discussed in section 2, the ratios of enrichment factors have been suggested as a means to investigate the possible contribution of the O( 1 D) sink to observed changes in the isotope:N 2 O relationships since transport should have a minimal effect on the ratios [Röckmann et al., 2001; Kaiser et al., 2002a] . In previous publications, the ratios of enrichment factors were derived by separating the individual data sets into two groups (N 2 O > 200 ppbv or N 2 O < 200 ppbv [Röckmann et al., 2001] or altitude <24 km or >24 km [Toyoda et al., 2001] [Park et al., 2002 ; see also Kaiser, 2002] . In this case, the slope of the plotted relationship corresponds to e app (y)/e app (x) directly, [Kaiser et al., 2002a] are also plotted. The values of the ratios (i.e., the slopes) and their uncertainties were calculated using an ordinary linear least squares regression, a robust MM regression, a geometric mean regression (which accounts for errors in both the x and y variables and is the method of choice for small data sets (Ricker [1973] ; see also Miller and Tans [2003] for a recent discussion)), and a weighted least-squares regression (which accounts for errors of different magnitudes in both the x and y variables [Williamson, 1968] ). In the following discussion and figures, the geometric mean regression results (and their 2s uncertainties) are always stated, although in each case the statistical conclusions are the same regardless of regression method used. We also performed statistical t-tests; the confidence to which we can state that two measured values are the same are in this case likewise given by the errors and/or the equivalent confidence intervals stated (i.e., 1.96s corresponds to a 95% confidence interval, 2.58s to a 99% confidence interval, etc.).
[ Figure 2) . Second, the value for the ratio e( 15 N a )/e( 15 N bulk ) derived from a geometric mean regression of all the combined stratospheric observations is 1.38 ± 0.01 (2s), a value not statistically different from 1.39 ± 0.07, which is the ratio obtained from all the data points with N 2 O mixing ratios >200 ppbv, or from 1.36 ± 0.02, which is the ratio obtained for N 2 O < 200 ppbv. Therefore a change in the enrichment [2001] balloon data fall below that line. Even with these 3 points, however, the slope of the line for the combined observations is still within the 2s limit for agreement with the experimental photolysis data (i.e., 2.24 ± 0.08 versus 2.39 ± 0.14) or with a 9:1 global ratio between the experimental photolysis and O( Table 1 , which are not seen for any other e/e ratios, is truly due to atmospheric variability and not to measurement differences between the laboratories, larger relative experimental uncertainties for the higher-N 2 O data points, and/or simply too few data points, then it may be due to differences between tropical/ subtropical air and older air at higher latitudes rather than differences at high and low N 2 O mixing ratios since the high-N 2 O data of Röckmann et al. is dominated by the balloon flight at 17°N (6 out of 9 measurements for N 2 O > 200 ppbv, or 6 out of 10 for the reanalysis by Kaiser [2002] ). The potential significance of the observations and analysis presented here is discussed further below.
Discussion
[38] The implications of the observations for the effects of stratospheric transport and chemistry on the N 2 O isotope compositions are discussed in sections 5.1 and 5.2 below. In section 5.3, we discuss several means of estimating the fluxes of the heavy N 2 O isotopologues from the lower stratosphere to the troposphere from stratospheric observations, provide these fluxes, and discuss the associated uncertainties in the context of the global isotope budget for N 2 O.
Influence of Transport and Mixing on Isotopic Compositions
[39] The isotope:N 2 O relationships measured from the ER-2 aircraft during the POLARIS II deployment are significantly different (at the 3.29s level) from those measured during the POLARIS I and SOLVE campaigns and from other observations for N 2 O mixing ratios less than 200 ppbv (Figures 1 and 2 ). An independent analysis of in situ and remote observations of CH 4 and N 2 O mixing ratios from balloon and aircraft platforms by Rex et al. [1999] showed that vortex filaments encountered during POLARIS I and POLARIS II (i.e., the data points with N 2 O < 200 ppbv for the isotope data set presented here) were a mixture of high-N 2 O and low-N 2 O end-members and that the low N 2 O end-members were different for the two deployments. Thus the difference in the CH 4 :N 2 O mixing ratio (as well as other tracer) relationships between POLARIS I and POLARIS II is explained entirely by transport and mixing. We show here that the observed differences in the N 2 O isotope:N 2 O mixing ratio relationships between POLARIS I/SOLVE and POLARIS II whole air samples are entirely consistent with the transport-only CH 4 :N 2 O mixing ratio analysis of Rex et al. [1999] and that this leaves little room for isotope chemistry to play a role.
[40] First, we examine simultaneous measurements of CH 4 and N 2 O mixing ratios from the ER-2 deployments and compare them with remote observations from the ATMOS instrument on board the Space Shuttle [Michelsen et al., 1998 ]. The ATMOS measurements show compact and distinct correlations between CH 4 and N 2 O mixing ratios for tropical, midlatitude, and vortex air (represented by solid and dashed lines in Figure 4) . The relationship between CH 4 and N 2 O in the tropics and midlatitudes is curvilinear while the relationship in vortex air is typically linear at lower altitudes. The linear vortex relationship for altitudes below 23 km is the result of mixing of higher-altitude, low-N 2 O midlatitude air (from which the vortex forms at the beginning of winter) with extra-vortex (i.e., midlatitude) air during or after descent [Michelsen et al., 1998 ; see also Kondo et al., 1999; Herman et al., 1998; Waugh et al., 1997] . The mixing of higher-altitude, low-N 2 O vortex air with lower altitude, high-N 2 O air results in an observed CH 4 :N 2 O relationship that follows a mixing line between the two characteristic air masses. While the ATMOS observations were made in the vortex, measurements of CH 4 and N 2 O from the ER-2 aircraft from a number of different aircraft missions have shown that these same mixing line relationships can also be detected in filaments of vortex air which can remain in the atmosphere for some time after the break-up of the vortex in spring [e.g., Waugh et al., 1997; Michelsen et al., 1999] .
[41] For the POLARIS and SOLVE ER-2 deployments, the measured CH 4 :N 2 O correlations are also linear (symbols in Figure 4 ) and are therefore consistent with measurements in vortex air, remnants of vortex air, or a mixture of vortex and extravortex air. Note that there are small but significant differences between the CH 4 :N 2 O correlation for the POLARIS II versus the POLARIS I/SOLVE data for CH 4 < 1200 ppbv and N 2 O < 180 ppbv (Figure 4) . In their analysis of in situ CH 4 and N 2 O measurements from the [Michelsen et al., 1998 ] are plotted as dotted, solid, and dashed/dash-dotted lines. Solid black circles denote mixing between two end-member air masses from Rex et al. [1999] , and the arrows illustrate mixing lines.
ER-2 and balloon platforms made during the POLARIS campaign noted above, Rex et al. [1999] showed that the POLARIS I data are consistent with vortex air which is a mixture of air with an N 2 O mixing ratio of $200 ppbv (characteristic of altitudes of $20 km) with air with an N 2 O mixing ratio of $25 to 40 ppbv (characteristic of altitudes of $32 to 34 km). Such a mixture is denoted in Figure 4 as mixing line A. The analysis by Rex et al. [1999] also showed that filaments of vortex air were sampled in northern summer during the POLARIS II deployment [see also Newman et al., 1999] . The vortex filaments remained measurable several months after the break-up of the polar vortex because of weak transport at high latitudes in the summer [e.g., Newman et al., 1999] . These filaments from POLARIS II were determined to be a mixture of even lower N 2 O air which had originated from higher up in the vortex (with $15 to 20 ppbv N 2 O, characteristic of altitudes of $37 km) with air with an N 2 O mixing ratio of $200 ppbv N 2 O. Such a mixture is denoted in Figure 4 as mixing line B. Whether this isentropic mixing across the vortex edge occurs throughout the winter (''continuous weak mixing'') or after the period of rapid descent (i.e., March or later, ''late end-member mixing'') is still under debate [see, e.g., Plumb et al., 2000; Rex et al., 1999] . In either case, however, the observed CH 4 :N 2 O correlation was different between the POLARIS I and II deployments due solely to mixing processes occurring in or near the vortex.
[42] Since the difference in the CH 4 :N 2 O mixing ratio relationships between the POLARIS II and the POLARIS I/ SOLVE observations is due to transport and not chemistry, the two mixing scenarios denoted A and B in Figure 4 can be applied to the isotope:N 2 O relationships to check for consistency. Mixing lines for isotope ratios are not as intuitively obvious as those for mixing ratio relationships, however. Rather than forming simple mixing lines between mixing ratios as in Figure 4 , the results of mixing on an isotope:N 2 O plot are curves that lie below the isotope:N 2 O relationship since the mixing causes the N 2 O isotopic composition to be lighter for a given N 2 O mixing ratio. If the mixing process can be represented as two-end-member mixing, equation (6) [e.g., Criss, 1999] can be used to relate the resulting N 2 O isotopic compositions and mixing ratios
where R represents the resulting isotope ratio of interest after mixing, m 1 and m 2 are the N 2 O mixing ratios for the two end-members, and F 1 and F 2 are the fractions of the total volume of air mixed together that each end-member contributed.
[43] Since few observations are available for the isotopic compositions of high-altitude midlatitude air at N 2 O mixing ratios of 15 to 40 ppbv (i.e., those indicated by the CH 4 :N 2 O tracer analysis for the high-altitude end-members for the vortex and vortex filament air), we first use equation (6) to estimate what the low-N 2 O-mixing-ratio end-members might be and whether the difference in the isotope:N 2 O relationships between POLARIS I/SOLVE and POLARIS II due to mixing can be at least qualitatively simulated in a way that is consistent with the mixing inferred from the CH 4 :N 2 O tracer relationships. In Figure 5 , mixing line A is simulated to approximate the POLARIS I/SOLVE d 18 O = 50.7% for end-member 2. Thus this simple mixing scenario to reproduce the isotope:N 2 O relationships due to mixing of air at different altitudes in the vortex is indeed consistent with the mixing origin of the simultaneous CH 4 :N 2 O tracer relationships observed for POLARIS I/ SOLVE and POLARIS II deployments by Rex et al. [1999] . Moreover, we also note that this mixing-only origin is also consistent with simultaneous measurements of the CH 4 isotope:CH 4 mixing ratio relationships between POLARIS II and POLARIS I/SOLVE samples as well .
[44] A more quantitative analysis can be pursued once more isotope ratios in high-altitude midlatitude air at N 2 O mixing ratios from 10 to 40 ppbv are measured. Nonvortex midlatitude to high-latitude data obtained at the time of or just before the formation of the vortex is needed to provide the initial end-members, since these data would represent the ''initial conditions'' for air inside the vortex. Until these measurements are available, it is not clear whether or not the Röckmann et al. [2001] balloon data (taken in the vortex in February/March 1992) or the Toyoda et al. [2001] balloon data (taken in May 1999, which could be influenced by the break-up of the vortex or vortex remnants) are representative of the initial conditions in the vortex. When data are available, it may be possible to use the isotope:N 2 O relationships from POLARIS, SOLVE and future missions to explore whether isentropic mixing across the vortex edge is accomplished by late end-member mixing or by continuous weak mixing throughout the winter since continuous weak mixing should depart from the behavior given by equation (6) and follow a mathematically different (and more complex) relationship (K. A. Boering et al., manuscript in preparation, 2003) . In either case, however, the underlying cause for the low values for e app observed for all the N 2 O isotopologues during POLARIS II can be explained by mixing and transport; any additional effects of isotope chemistry on the e app values must in this case be small to negligible.
[45] In general, transport and mixing also explain a large part of the small but discernable differences between the isotope:N 2 O relationships observed in subtropical air (17.2°N [Röckmann et al., 2001] ), midlatitude air (39.3°N [Toyoda et al., 2001] ), and high-latitude air (63 -88°N; POLARIS I/SOLVE and Röckmann et al. [2001] ). In Figure 5 , for example, the values for d
18 O of N 2 O are in general lighter for a given N 2 O mixing ratio upon moving from subtropical air to middle to high latitudes, and all are lighter than that predicted from the Rayleigh fractionation curve for photolysis in an isolated system. (Note that some of the variability in the high-latitude Röckmann et al. data is likely due to sampling vortex and nonvortex air in the single balloon profile.) This increasing attenuation of the underlying isotope effects as a function of latitude is at least in part due to the fact that the subtropics are relatively more isolated and less influenced by transport and mixing compared with the midlatitudes, and likewise for a comparison of midlatitude air with vortex air at high latitudes. This dependence on latitude, for example, is observed and successfully modeled for the CH 4 isotope:CH 4 mixing ratio relationships, even though the oxidant-weighted e values themselves are actually smaller in the tropics than the extratropics because of the increased fraction of CH 4 oxidation by O( 1 D) in the tropics relative to OH and Cl, which have larger individual e values than O( 1 D) ; see also Rice et al. [2003, and references therein] for the relative isolation of the tropics compared with the extratropics in general). Thus, at least for CH 4 isotopologues, transport and mixing are entirely responsible for the decrease in e app values with increasing latitude. For N 2 O, it remains to be seen how much chemistry could also play a role beyond transport in the differences in e app values with latitude; additional N 2 O isotope data in the tropics and comparisons with model results should help address this question.
Comparison of E app and E/E Values As a Function of N 2 O
[46] As discussed in section 2, the apparent isotopic enrichment factors, e app , from balloon observations have been shown to change significantly for N 2 O mixing ratios above or below 200 ppbv [Röckmann et al., 2001] or, approximately equivalently for balloon profiles, altitudes above or below 24 km [Toyoda et al., 2001] . With the addition of the new ER-2 data to the stratospheric N 2 O isotope database, we see that the variations in e values are as large for N 2 O < 200 ppbv between the POLARIS II and POLARIS I/SOLVE deployments (À14.9 to À24.3%, respectively, for e( 15 N bulk )) as the difference between e values for the combined stratospheric database for N 2 O > 200 ppbv and the ER-2 SOLVE observations for N 2 O < 200 ppbv (À16.2 to À24.3%, respectively, for e( 15 N bulk )).
Since the differences between the POLARIS II and the POLARIS I/SOLVE enrichment factors can be explained by mixing and transport alone, it is not unreasonable to expect that the differences in values for e app for the balloon data for N 2 O < 200 ppbv and N 2 O > 200 ppbv may also result from transport and mixing alone.
[47] As discussed in section 2, however, isotope chemistry may also contribute to these differences in e app values as a function of N 2 O mixing ratio, and Röckmann et al. [2001] and Kaiser et al. [2002a] proposed investigating the ratios of e values for the different isotopologues as a means to effectively normalize the e app values for the effects of transport and, with transport effects cancelled out, to potentially distinguish the relative contributions of O( 1 D) versus photolysis to the overall N 2 O destruction rate [e.g., Kaiser et al., 2002a] . Although large differences in the value for e app observed for POLARIS II for N 2 O < 200 ppbv with respect to all other balloon and ER-2 data for N 2 O < 200 ppbv were observed, the ratios of e values for e( )/e( 18 O) for the ER-2 data are the same to within their 1s limits (see Table 1 ). For e( , the ER-2 data for N 2 O < 200 ppbv for the POLARIS II versus POLARIS I/SOLVE measurements agree to within their 2s uncertainty but not within their 1s uncertainty. If these ratios are truly different and not just a result of too few measurements from POLARIS II, it is unlikely that this lower average value for the POLARIS II vortex remnant observations could be due to an increase in the relative proportion of N 2 O loss by O( 1 D) over the oxidation and photolysis history of the air masses measured. Rather, if these differences are real, perhaps transport does not entirely cancel out for the mixing conditions near the vortex barrier (for POLARIS II) or, by analogy, near the subtropical barrier (for the Röckmann et al. data) . If these differences are found to not be statistically significant, however, (e.g., when more data are available) then the simplest explanation of the ER-2 data and of the combined ER-2 and balloon data is that no difference in the contribution from O( 1 D) for the lower altitude data/higher-N 2 O observations can be discerned from that for the higheraltitude/lower N 2 O observations. If this is true, it is not surprising. Although the contribution of O( 1 D) to the in situ N 2 O destruction rate in the lower stratosphere may be as large as 14%, the lifetime of N 2 O below altitudes of 22 km is longer than 100 years (on the basis of Lawrence Livermore National Laboratory 2-D model calculations done at UC Berkeley). Hence N 2 O mixing ratios below the tropospheric value of $315 ppbv measured in the lower stratosphere are predominantly the result of destruction higher up in the stratosphere at 25 to 35 km between 30°S and 30°N [Minschwaner et al., 1993] and subsequent transport to lower altitudes rather than by in situ photochemistry.
[48] Alternatively, as explored in section 4, there may indeed be a difference in the values for e( b ) values in the lower versus middle regions of the stratosphere but that differences between the subtropical and extratropical air cannot be ruled out.
Fluxes of N 2 O Isotopologues From the Stratosphere to the Troposphere
[49] The ER-2 observations, combined with earlier aircraft and balloon measurements, show that the isotopologue:N 2 O relationships, and therefore the enrichment factors, are remarkably constant in the lower stratosphere for N 2 O mixing ratios >200 ppbv, regardless of the wide range of years, seasons, and locations in which samples were collected. Since the lower stratosphere is the source region for air returning to the troposphere, we can with confidence use the ER-2 observations to calculate the fluxes of enriched isotopologues from the stratosphere to the troposphere. As explained below, the fluxes, or more specifically, the isotope fluxes (sometimes referred to as ''isofluxes'' by biogeochemists) defined below, can be determined to within an uncertainty of ±25%. This level of uncertainty is considerably smaller than those for the isotope-weighted N 2 O emissions [e.g., Bouwman et al., 1995; Prather and Ehhalt, 2001] .
[50] In Appendix A we derive several sets of equations used to estimate the net annual fluxes of the N 2 O isotopologues from the stratosphere to the troposphere with both exact and approximate expressions in the various (and differing) traditions of isotope biogeochemists (who favor box models) and stratospheric chemists (who favor tracer:tracer relationships or 2-D and 3-D computer simulations). While two recent studies have also used box model approaches to investigate the influence of stratospheric fractionation on N 2 O isotope compositions in the free troposphere [Rahn and Wahlen, 2000; , our main goal here is to show explicitly that some of the uncertainties in the isotope flux estimates, such as the mass flux of air between the stratosphere and troposphere that Rahn and Wahlen were concerned with and avoided in their one-box model formulation, do not result in unreliable fluxes. Rather, as we will show, the main uncertainty for all approaches is the global N 2 O loss rate. A second goal is to show that the various approaches found in the literature for estimating isotope fluxes, including the recent 3-D CTM modeling study of McLinden et al. [2003] and use of the so-called ''Plumb and Ko relationship'' for long-lived tracers in the stratosphere [e.g., Luz et al., 1999] , are approximately equivalent to within several approximations. Finally, the third goal is to provide explicit isotope fluxes for all the heavy N 2 O isotopologues and their uncertainties that future modelers can use in their analyses of the global N 2 O isotope budget. While details appear in Appendix A, we give a brief description of our approach here and the results.
[51] First, we note that the net isotope flux can be derived phenomenologically from the slope of the correlation of the isotopologue with a long-lived tracer whose vertical flux is known. This type of approach has been used by stratospheric chemists to estimate the net flux of NO y [Murphy and Fahey, 1994; McLinden et al., 2000] , O 3 [Murphy and Fahey, 1994; McLinden et al., 2000; Olsen et al., 2001] [Luz et al., 1999] from the stratosphere to the troposphere based on the observed slope of the relationship between N 2 O and the species of interest. Plumb and Ko [1992] showed that the observed slope between two longlived tracers is equal to the ratio of the net vertical fluxes of the two species. For N 2 O, the net vertical flux is equal to the global loss rate, which has been quantified by a convolution of satellite and balloon observations of N 2 O with models of photolysis rates and rates for reaction with O( 1 D) [see, e.g., Minschwaner et al., 1993] . The loss rate is thus known to an uncertainty of ±25% (To be more exact, the net vertical flux is equal to the loss rate plus the growth rate of N 2 O in the stratosphere; see Appendix A for details). In Appendix A an estimate for the net isotope fluxes of the N 2 O isotopologues from the slope of the N 2 O isotopologue:N 2 O relationship is given by equation (A12).
[52] For comparison, the preferred form of the N 2 O isotopologue flux for isotope biogeochemists is the net isotope flux from a box-model approach. Effectively equivalent to a Plumb and Ko [1992] approach, this form is essentially the N 2 O flux weighted by the change in isotopic composition in the stratosphere (equation (7)).
F ST is the flux of N 2 O from the stratosphere to the troposphere and (d S À d T ) is the difference between the isotopic composition of the species of interest entering the troposphere and that leaving the troposphere. For the expression (equation (A9)) for the net isotope flux from a box model formation (as well as for the phenomenological Plumb and Ko expression in equation (A12)), annual mean fluxes of air between the stratosphere and troposphere must be used. We use the fluxes calculated from radiative and dynamical considerations by Holton [1990] and Appenzeller et al. [1996] . These two studies calculated the mass flux of air across the 100-hPa pressure surface and the 380 K isentropic surface and yielded values of 2.0 Â 10 17 kg yr À1 and 6.8 Â 10 17 kg yr
À1
, respectively. (Note that the 380 K surface in the extratropics lies approximately between $100 and 160 hPa depending on season and latitude.) Although values for F ST in equation (7) depend on which stratosphere-troposphere mass flux is used, so do the values for d S ; the larger mass flux yields a higher mixing ratio for N 2 O in air returning to the troposphere, which, in turn yields a smaller value for d S for N 2 O in air returning to the troposphere (see, e.g., Luz et al. [1999] , Röckmann et al. [2003a] , and details in Appendix A). Thus the values for the net isotope flux are very nearly the same (see Table 3 [53] Moreover, if equation (A9) is simplified using a Taylor series expansion to remove the dependence on the mass flux of air between the stratosphere and troposphere, as shown in Appendix A, the net isotope flux is equivalent to the apparent fractionation factor, e, for N 2 O > 200 ppbv, multiplied by the N 2 O loss rate, L (equation (A10)).
The net isotope fluxes calculated from the approximation in equation (8) are also given in Table 3 in column 7 for comparison. All calculations in Table 3 are based on the ER-2 data using L = 13 Tg N yr À1 [Prather and Ehhalt, 2001] , with an estimated uncertainty of ±25%.
[54] The values calculated from the ER-2 observations are also compared with recent 3-D model results from McLinden et al. [2003] in Table 4 . McLinden et al. called the quantity ''ÀeÁL'' the ''flux-weighted enrichment factor (FWEF)'' but, as shown in Appendix A, these are essentially equivalent to the net isotope fluxes to within the approximations given in Appendix A. There is remarkably good agreement between the estimates based on the ER-2 observations and the fully modeled values. Moreover, it is clear from our analysis that the largest uncertainty in estimating these rates is the global N 2 O loss rate. First, the ER-2 data combined with the rest of the stratospheric measurements demonstrate that there is little uncertainty in the relevant e app values in the lower stratosphere. Second, even a difference in the mass flux of air between the stratosphere and troposphere of a factor of 3 results in differences in net isotope fluxes of only 8%. We therefore conclude that the net isotope fluxes for heavy isotopologues between the stratosphere and troposphere are now considerably better quantified (to ± 25%) than other important terms in the global N 2 O isotope budget.
[55] As a simple illustration of the influence of isotope fractionation in the stratosphere on N 2 O isotopic compositions in the free troposphere, we use the isotope fluxes derived from the ER-2 data in a steady state box model of the atmosphere. For simplicity, the natural surface source is separated into its oceanic and terrestrial components in the same proportions as estimated in the IPCC report [Prather and Ehhalt, 2001] ), stratospheric fractionation should have an even larger influence on the free troposphere than for the other isotopologues, as pointed out by ). These large ranges are not due to the stratospheric uncertainties but, rather, due to the large uncertainties in the magnitudes and isotopic compositions of the different biogenic sources. As progress is made in characterizing the isotopic composition of the integrated and individual sources [e.g., Röckmann et al., 2003a; Perez et al., 2000] , refinements in the stratospheric N 2 O loss rate and ).
, where m T = 314 ppbv (see Appendix A) and L is the photochemical loss rate. mass flux of air to the troposphere will eventually be required. In the near future, however, now that the fluxes of isotopically enriched N 2 O from the stratosphere to the troposphere are quantified to ±25%, additional characterizations of the isotopic composition of individual N 2 O sources are needed to further our understanding of the N 2 O isotope and concentration budgets.
6. Summary . From this analysis, we note that a balloon profile of N 2 O isotope measurements in the extratropics just prior to the formation of the Arctic vortex would potentially allow a more quantitative analysis of the ER-2 data to be performed exploring the type of mixing that occurs across the vortex edge (e.g., an investigation of late end-member mixing versus continuous weak mixing). An analysis of the ratios of enrichment factors for the ER-2 data shows that the ratios are the same at high and low N 2 O mixing ratios to within at least their 2s uncertainties. Therefore the addition of the ER-2 data to the stratospheric database does not confirm a detectable isotopic signature of a larger contribution of O( 1 D) to the total N 2 O sink in the lower stratosphere in the ratio e( 15 N a )/e( 15 N b ). Additional observations, particularly observations in the deep tropics, would be helpful in resolving whether the difference observed in the balloon data set of Röckmann et al. [2001] as analyzed by Kaiser [2002] for N 2 O > 179 ppbv is real and/or due to sample collection in subtropical air and, if so, whether the difference may be due to O( Tans et al. [1993] (see also Röckmann et al. [2003a] for box model equations specifically addressing the isotopic change in N 2 O sources since the Industrial Revolution). First, the atmospheric mass balance for N 2 O is given by equation (A1)
where N is the total number of 14 N 14 N 16 O molecules, T and O are terrestrial and oceanic N 2 O production rates, A is the average anthropogenic contribution to the N 2 O production rate, P is the sum of T, O and A for simplicity (and could include an additional term for the minor atmospheric sources from NH 3 oxidation and N 2 + O( 1 D) amounting to 1 -2% of the total [Prather and Ehhalt, 2001; Estupiñán et al., 2002] ) and L is the global loss rate. Separate mass balances for N 2 O molecules in the troposphere (N T ) and stratosphere (N S ) can also be expressed and represented by N 2 O fluxes between the troposphere and stratosphere (i.e., Calculated assuming stratosphere-troposphere mass exchange across the 100-hPa surface [Holton, 1990] (first item in each entry) or the 380 K surface [Appenzeller et al., 1996] 
Applying the calculus product rule to equation (A2 O), we obtain
Rather than carry all terms in equation (A3), for our application we can make several simplifying assumptions. First, we can assume that dd S /dt is zero, i.e., that the characteristic fractionation occurring in the stratospheric reservoir is not changing with time. Second, we can assume that dNs/dt, the growth rate of N 2 O in the stratosphere, is simply proportional to the growth rate in the troposphere, leading to a value for dNs/dt of $0.3 Tg N yr À1 [e.g., McElroy and Jones, 1996] . However, it will become clear in later equations that this value is small compared to the global loss rate of N 2 O of 13 Tg N yr À1 and including it or not makes only a small difference (up to 2%) in the calculated net isotope fluxes. Thus, in the following equations, the term with factor dNs/dt is also ignored. We note that Röckmann et al. [2003a] also assumed that dd S /dt and dNs/dt both equal zero in writing their equation (1).
[58] The remaining terms can be grouped as in equation (A4). In this equation, the term
represents the net isotopic change in the troposphere due to fractionation in the stratospheric loss processes. In other words, it is the net isotope flux from the stratosphere and is usually expressed in % Tg N yr À1 or % mol N 2 O yr À1 . However, a single d L for the entire stratosphere cannot easily be determined from the observations. Thus we need to express the net isotope flux with observable quantities. Since dN T /dt = ÀF TS + F ST + P, d 
Thus the net isotope flux from the stratosphere,
is given by the product of the flux of N 2 O from the stratosphere to the troposphere and the difference between the isotopic composition of N 2 O in air returning to the troposphere and that for N 2 O in the free troposphere.
[59] There are now several ways to calculate the net isotope flux given by (d S À d T )F ST . First, on the basis of the observed isotope:N 2 O relationships in the stratosphere, (d S À d T ) can be expressed as
The loss rate, L, of N 2 O is given by equation (A7) (given our assumption noted earlier that dNs/dt = 0):
where F is the mass flux of air between the troposphere and stratosphere and m T and m S are the mixing ratios of N 2 O in the troposphere and stratosphere, respectively. The net isotope flux, F ST (d S À d T ), is given by equation (A8)
and is thus determined by the mass flux of air between the troposphere and stratosphere, F, the N 2 O mixing ratio in the troposphere, m T , the tropospheric N 2 O isotopic composition, d T , the apparent enrichment factor, e, and the loss rate of N 2 O in the stratosphere, L.
[60] Apart from the assumptions noted after equation (A3), equation (A8) can be considered the most robust way to calculate a net isotope flux for N 2 O isotopologues. For comparison among different approaches to estimating the net isotope fluxes that appear in the literature, however, we can make some additional approximations. First, since d S for air returning to the troposphere will not be larger than d T by $6% in our estimates, the inherent approximation of the Rayleigh relationship expressed in d values, d S À d T ffi e Á ln(m S /m T ), can also be used in the expression for the net isotope flux (equation (A9) , and 18 O for the two mass fluxes of Holton [1990] and Appenzeller et al. [1996] , respectively, relative to those derived from equation (A8).
[61] Note, however, that the mass flux of air between the stratosphere and troposphere, F, does not cancel out in these expressions for the net isotope flux. Yet F is not yet well determined and depends on how the tropopause is defined, as noted in main text. However, using the two different mass fluxes of Holton [1990] of 2.0 Â 10 17 kg yr À1 and Appenzeller et al. [1996] of 6.8 Â 10 17 kg yr À1 in equation (A9) results in differences in the net isotope fluxes of only 8% (see Table 3 ), a small difference considering the factor of 3 difference in the mass fluxes of air. This small difference is because both d S and F ST depend on F: the larger mass flux yields a higher mixing ratio for N 2 O in air returning to the troposphere, which, in turn yields a smaller value for d S for N 2 O in air returning to the troposphere, as pointed out earlier by Luz et al. [1999] and Röckmann et al. [2003a] .
[62] Some additional approximations can be made to remove the dependence of equation (A9) on F. The natural logarithm term in equation (A9) can be expanded in a Taylor series and truncated as
Thus the net isotope flux is approximately equivalent to the product of the apparent enrichment factor, e, and the N 2 O loss rate. This approximate expression yields errors of 3% (12%), 2% (11%), and 1% (8%) in the net isotope fluxes [63] In addition to the methods above using a Rayleigh fractionation approach with known e app values, the net isotope flux can also be derived phenomenologically by considering the N 2 O isotopologues as long-lived tracers in a Plumb and Ko [1992] approach. As noted in the main text, the slope of the correlation between long-lived tracers is equal to their net vertical fluxes. While exact equations expressing the net isotope flux for an isotopologue of N 2 O over the net vertical flux of N 2 O can be derived from expressions given in equations above, an expression for e app is still needed. To avoid this, we use a more phenomenological and approximate approach but one that is useful for calculating a net isotope flux in the case that e app is not well determined because of, for example, multiple fractionation processes involved such as for the 17 
O-
18 O isotope anomaly in the stratospheric CO 2 [e.g., Luz et al., 1999] . The slope, m, of the N 2 O isotopic composition: N 2 O mixing ratio relationship, which is linear in the lower stratosphere for N 2 O > 200 ppbv, can be written as
Substituting equation (A11) for d S À d T , the net isotope flux can be expressed as
Note that this expression also depends on the mass flux of air, F. The differences in the net isotope fluxes between equation (A12) and equation (A8) Holton [1990] (of Appenzeller et al. [1996] ). Thus the equations based on observed e app values are clearly the preferable approach for N 2 O, for which a well-defined e app is known.
[64] Overall, to within the approximations stated, the box model approach and the Plumb and Ko [1992] approach are essentially equivalent, depend on the mass flux of air between the stratosphere and troposphere but to less than the current uncertainty in L, and can be largely approximated by simply multiplying the enrichment factors by the N 2 O loss rate, as McLinden et al. [2003] have done. This analysis also shows that the concerns of Rahn and Wahlen [2000] over uncertainties in the mass flux of air and in the effects of transport on the enrichment factors do not result in overall uncertainties in the isotope fluxes significantly larger than current uncertainty in the N 2 O global loss rate.
